AD-A284 151 - w?
L LT ’

\C TILT ROTOR UNMANNED AIR VEHICLE SYSTEM (TRUS)
DEMONSTRATOR FLIGHT TEST PROGRAM
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" The Tilt Rotor UAV System flight demonstration program commenced in July 1993 and concluded with
conversion to airplane mode and a level flight speed of 160 kts in February 1994. The purpose of the flight
tests was to evaluate the utility of Tilt Rotor UAV technology in order to develop requirements for a
Government maritime system. The TRUS program was divided into three test phases; Ground, Helicopter
Mode, and Coversion to Airplane Mode. Helicopter Mode testing occurred at the contractor's facilities in
Fort Worth, TX over two periods and consisted of fourteen flights totaling 3.0 flight-hours. During phase
11, the aircra® conducted IGE (In Ground Effect) and OGE (Out of Ground Effect) hovers, longitudinal
and laters. translations at up to 20 kts, as well as pitch, roll, and yaw control response testing. Handling
qualities during .he takeoff and landing flight regimes were also assessed. Phase III, conversion to
airplane mode testing occurred a. the Yuma Proving Grounds, AZ during January and February of 1994
and consisted of eleven flights totaling 8.4 flight hours. While at YPG, the aircraft nacelles were
incrc mentally converted forward over a series of ten flights from helicopter mode (93 to 85 degrees) to full
«irplar.> mode (zero degrees). After successful conversion testing was completed, the forward flight
envelope was increased from 135 to 160 kts. The information and data obtained during the TRUS flight
demonstration will be used to develop the requirements for a roduction maritime UAV system.

DESCR/PTION OF TEST AIRCRAFT

The TRUS air vehicle is a high performance tilt rotor UAV powered by a single turboshaft
Allison 250-C20B engine. The empty gross weight of the aircraft was 1471.6 Ibs. The maximum takeoff
gross weight tested was 1779.5 1. The modular airframe, which was built by Burt Rutan's company;
Scaled Composites was constructed primarily of a combination of graphite and fiberglass materials
bonded with room-tempetature cured resin. Two three bladed gimbaled rotors were mounted or wing tip
tilting pylons. The pylons had a range of motion between zero degrees (airplane mode), and 93 degrees
which was maximum aft nacelle t.. in helicopter mode. The rotors were driven by a transmissicn
consisting of a mid-wing mounted "T™ gearbox, interconnected to drive shafts in each wing, and a pair of
90 degree gearboxes at the wing tips. As part of a risk reduction and cost savings measure, most of the
hardware used in the design came from components available on the Bell helicopter production lines. JP-5
(T fuel was stored in a main tank located in the fuselage below the main wing box and in the wings using a
'h "wet wing” arrangement. The total fuel capacity of the TRUS was 60 gal or approximately 410 1b of JP-5.

|

Fuel receptacies were located on the top of each wing and were compatible with standard aviation fueling
p equipment. The TRUS air vehicle's landing gear consisted of fuselage mounted retractable centerline main
) gear, and small stabilizing gear mounted at the ends of the pylons.

00 The TRUS vehicie air data terminal (ADT) transmitted and received information to and from the
o O) ground data terminal (GDT). The ADT downlink was a single C-band transmitter. Guidance commands
=w received by the ADT were passed to the digital central processor assembly (DCPA) where the signal was
-—d decoded. The DCPA in turn passed the commands to the flight control computer (FCC). Onboard sensors
such as the ring laser gyro integrated flight management unit (IFMU), the air data computer (ADC), and
the global positioning system (GPS), provided aircraft attitude, rate, airspeed, altitude, and position
information to the FCC. The FCC processed these inputs through a set of control laws to determine the

flight control actuator movement required t¢ .fect the current guidance command.
The actuator drive unit (ADU) monitored and controlled the movement of the appropriate
electronic actuators. All flight control surfaces and the rotor blades were controlled by an electronic
actuator - jack screw arrangement. The rotor disk could be moved collectively as well as tilted separately
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in the longitudinal direction. Lateral control was conducted through differential collective. All rotor and
control surface actuators, as well as the ADU, FCC, IFMUJ, ADC, GPS, and DCPA incorporate redundant
safety features designed to minimize the chance of aircraft loss, should a failure occur in one of the
primary components. The flight control system was designed to automatically detect and isolate many
types of system failures. However, if the two channels of the flight controls were in disagreement, and the
system could not automatically isolate the problem, the internal pilot (IP) could manually disengage the
defective portion of the flight control system, allowing the vehicle to return home for a safe landing.
Photographs of the TRUS air vehicle inflight are presented in figures 1 and 2. A three view drawing and
isometric view of the TRUS vehicle is presented in figures 3 and 4.

MODIFICATIONS TO SECOND AIRCRAFT

During the final landing of flight #6, on July 16, aircraft number 1 crashed. Although most of the
major aircraft components survived the accident and were later installed and flown in ship 2, the aircraft
structural damage prohibited further use of the vehicle shell. As a result of the accident investigation,
aircrat # 2 incorporated several modifications that significantly enhanced the flying and handling
qualities of the TRUS. The cyclic actuator rate was tripled from 14 deg/sec to 40 deg/sec. The cyclic
authority was increased from 10 to 11.4 deg by improving the mechanical clearances. One FCS computer
time frame delay (0.02 sec) was eliminated in the IFMU control feedback loop, resulting in 8 deg less
phase at 1 Hz. The elevator motion was fixed at 5 deg trailing edge up position for airspeeds less than 30
kts. This was designed to reduce the elevator moment contribution in ground effect. The nacelle wheel
stabilizing gear angle was reduced from 15 to 5 degrees forward, in an effort to minimize the loads
imparted c- the conversion actuators during landing. Finaily, the rear main gear was re-mounted to the
aft portion of the wheel well, extending the longitudinal footprint by 21.45 inches in order to better
distribute the landing loads on the main gear and reduce the tendency for a tail strike. A black and white
payload camera was installed in the nose of the aircraft as a way of providing the flight test team with an
airborne view of the air vehicle attitude and rates during up and away flight testing.

N OF INTROL TION

The ground control station was a prototype of the GCS 3000, a system developed by Israel
Aircraft Industries (IAI) for the Hunter Joint Tactical UAV (formerly the Short Range UAV). The GCS
operated on 220 volt external power and included a backup internal battery system. The battery backup
was designed to provide approximately one hour of GCS use in the event the primary external power was
lost. The TRUS GCS required a minimum of two people to operate the system, an external pilot (EP) and
an internal pilot (IP). The EP controls the air vehicle during takeoff, landing, and flight within visual
range. The IP, positioned inside the GCS, is responsible for engine starts and shutdowns, beeping of the
rotor rpm (N2), selection of the data link antenna, and controlling the TRUS when the aircraft is beyond
visual range. The transfer of control between EP and IP was accomplished with a switch inside the GCS.
All pertinent aircraft information was displayed near real time to the IP on a 19 inch color video monitor.
The ground data terminal (GDT) provided the primary C-band uplink and downlink with the aircraft. The
GDT was an antenna system comprised of both omni-directional, and directional auto-tracking antennas.
The omni C-band antenna was used during the flight operations when the aircraft was within two miles.
When the aircraft is operated at extended ranges, the directional antenna can be engaged, which was
designed to be used at a range up to 40 nm. An UHF omni acted as a backup uplink in the event the
primary C-band uplink failed, although in the prototype system tested, the backup was not truly
independent of the C-band. The UHF was designed to have an effective range of approximately 30 nm.
Switching from the primary to the backup uplink was accomplished automatically by the system if and
when required. Switching can also be accomplished manually as needed. A photograph of the IP working
inside the GCS and a schematic of the control system are presented in figures 5 and 6, respectively.
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DESCRIPTIONC  'GHT CONTROLS

During the TRUS demonstration, the external pilot (EP) controlled the vehicle while in flight.
The flight controls for maneuvering the aircraft closely resembled those used by remote control model
enthusiasts and functioned as an attitude controller. The flight control system had an inherent latency of
190-200 milliseconds which was twice as much as a typical manned aircraft. The external pilots trained in
an Evans and Sutherland domed based simulator where the anticipated latency was incorporated. As
buildup to flight testing, a short study was conducied with latencies ranging from 100 to 1000
milliseconds to investigate the controllability of the vehicle. The EP found that the 200 millisecond delay
was acceptable, and appeared to have no problem maneuvering the computer model of the vehicle inside
the dome simulator. During the actual flight demonstration, the inherent system latency did not appear to
effect the handling qualities of the TRUS vehicle.

There were three flight control boxes; a primary external control box, a duplicate student box,
and a backup control box located inside the GCS. All three boxes were hardwired to the GCS by way of a
three hundred foot long cables. The length of cable allowed the EP to optimize his piloting location based
on wind direction and the position of the sun in the sky. The EP stood behind a Lextan shield for
protection when the air vehicle was in the immediate vicinity of the pad, otherwise the external pilot was
free to move about the pad area. Through use of the two small control sticks located on the top of the
flight control box (FCB), the EP was able to transmit directional, vertical, longitudinal and lateral
commands to the aircraft. In addition to the primary controls, the FCB also had switches to command the
nacelle conversion angle, the link loss mode, the raising and lowering of the landing gear, and one of
three augmented flight modes. A diagram of the flight control box is presented in figure 7.

During the flight demonstration, several modes of augmentation were tested and verified. From
the control box the pilot was capable of selecting one of three modes; ground, normal, and auto hover.
Although the TRUS vehicle was initially flown in Ground mode, as testing progressed, this least
augmented mode was used primarily for ground handling while the rotors were turning. Normal mode
incorporated additional automatic compensation and reduced the pilot workload during the helicopter
phases of flight. Auto hover mode, an inertial velocity controlier, establisiied the aircraf in a stabilized
hover with respect to the air mass.

The three other modes were evaluated during phase IIl, turn coordination, conversion, and
airplane mode. These modes were dependent on forward airspeed and had software protected gates which
prevented the initiation of these modes under the wrong flight conditions. Turn coordination, which
assisted the pilot during banked turns, began to phase in at 20 kts and continued through the full range of
forward airspeed. At speeds above 30 kts the directional stick was disabled and the function was combined
with the laterai stick input. Flying with turn coordination off at airspeeds less than 30 kts, resulted in
sideslips up to +/-45 deg. Conversion mode, which was initiated when the nacelles were between 80 and
0 deg, established an airspeed cooridor of +/- 10 kts which limited the airspeed authority of the EP. In
airplane mode, the rotor speed could be beeped down from 100% to 80% rpm in order to improve rotor
blade efficiency and reduce aerodynamic loads in forward flight. A matrix of the flight control box
functions are presented in figure 8.

EMERGENCY MODES OF OPERATION
RETURN HOME AND TAKEOFF- LAND MODES

The aircraft system was designed to respond in one of two ways in the event that both the
primary and backup data links were lost. The first was the return home mode, and the second was takeoff
- land mode. The EP selected which mode to engage from the flight control box based on where the
vehicle was in the flight profile. When the return home mode was selected, and both the primary and
secondary uplinks to the aircraft were lost, the FCC was designed to activate the "return home" program
approximately two seconds after link loss occurred. The return home program was designed to command
the air vehicle to fly toward the launch point using a way point previously loaded into the FCC prior to
takeoff. When the aircraft came within a defined range of the way point, the embedded program would
command aititude and airspeed reductions and eventually, pylon conversion to helicopter mode. Once in
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helicopter mode, the vehicle was designed to establish a hover at approximately 100 ft AGL, and after a
predetermined amount of time, if uplink was not re-established; enter a vertical descent until touchdown.
The mode was designed to optimize the chances of re-establishing uplink during the programmed
maneuver. If uplink was estshlished during the automatic sequence, the return home mode would be
canceled and the aircraft would once again be under control by the EP or IP. In the immediate vicinity of
the pad or landing area, takeoff’ - land mode was usually selected. If loss of uplink occurred when in this
mode, the software was designed to bring the aircraft into a stable hover, and if link was not re-
established after a preset time, the air vehicle was programmed to descend until tonchdown was
accomplished.

FUTABA BACKUP CONTROLLER

The TRUS wvehicle FCC had the capability to accept guidance commands from a backup hand
held Futaba radio control transmitter that was kept within easy reach of the EP during all flight
operations. Futaba is a brand name for the commercially available radio model plane system used for this
purpose. The Futaba controller was designed to be utilized in the event that the air vehicle entered loss of
link mode, and the primary and secondary uplinks could not be re-establizshed. Within one thousand
meters of the EP, the Futaba could have been used to regain manual control. As a safety precaution, the
FCC logic was programmed to ignore the Futaba commands unless both C-band and UHF uplink
communication had been lost. The Futaba system was ground tested to verify the control response link
with the air vehicle prior to the first flight of each aircraft.

FLIGHT TERMINATION SYSTEM

The TRUS air vehicle was equipped with a flight termination system (FTS) which when
activated, would shut off the fuel supply to the engine and was designed to then command the aircraft in a
steep descent. The FTS consisted of an independent ground based transmitter which sent a discrete signal
to the matched airborne receiver which was designed specifically for the purpose of flight termination.
‘The effective line of sight range of the FTS was conservatively estimated to be 5¢ nm. The FTS would
have been used in the event of a catastrophic system failure, or if uplink with the vehicle was lost and the
aircraft appeared to be a public hazard. Since the FTS button was located in the GCS, the flight test
directors were responsible for giving the verbal commaid to terminate the aircraft.

DESCRIPTION OF FLIGHT TEST PROGRAM

Extensive ground testing was conducted at the Bell Helicopter plant in Hurst, TX. These test
included gearbox checkouts, conversion verification with and without the rotor blades attached, track and
balancing and "green run” of the aircraft. A green run is defined as a ground run and inspection of the
vehicle systems prior to signing it off as flight worthy. After the incident involving the first aircraft, the
second vehicle went through "green run,” followed by several hours of air wake study and analysis.

The flight test program was originally envisioned to be a sixteen week, forty hour effort.,
Unfortunately, due to the loss of the first aircraft, budget constraints, and schedule slips, the flight testing
was ultimately reduced to a helicopter mode test period lasting a little over a month, and a four week
conversion test period that was extended an additional two weeks for a total of ten weeks. With the
decrease in test time available, the demonstration program was redefined with the primary goal being
converting the aircraft to airplane mode and flying in excess of 150 kts.

FINALIZED TEST PROGRAM AND OBJECTIVES

After the accident involving ship # 1, the test program was redefined into three distinct phases.
The objectives of each piase had to be accomplished prior to initiation of the next level of testing. This
three phase plan proved to be a sound approach and ultimately led to the successful completion of the
program.




PHASE I OBJECTIVES (GROUND RUNS AND SYSTEM VERIFICATION):

(1)) Verify powertrain and lubrication system operation for at least two hours, including high power
and high rotor rpm conditions.

Q) Measure tail dynamic pressure in ground effect.

Q) Verify instromentation system.

“ Verify control hand-off procedures between the external, student, and internal controls and the
Futaba backup system.

) Verify flight termination system operation.

(9] Perform intersystem electromagnetic compatibility checks.

™ Verify rotor actuator operation.

PHASE 11 OBJECTIVES (HELICOPTER MODE TESTING):
4)) Verify control system gains and aircraft stability in hover.
@) Assess aircraft low speed controllability.
3) Demonstrate the ing:
Left and right lateral translations.
Forward and aft translations.
Vertical climbs and descents from a hover.
Controlled and predictable, takeoffs and landings both with and without the training
gear installed.
At least one power recovery from a descent.
Hover tumns over a spot.
«) Measure hover performance in ground effect (IGE) and out of ground effect (OGE).
) Verify operation of Normal and Auto Hover modes.
()] Establish an initial helicopter flight envelope and control/trim requirements.
)] Electromagnetic Interferance (EMI) testing in preparation for operating on YPG range.

PHASE III OBJECTIVES (CONVERSION AND AIRPLANE MODE TESTING):

) Verification of established helicopter flight envelope and conduct a systems check flight.

Q) Conduct initial figure eight and racetrack pattern work in preparation for conversion testing.

3) Verify operation of turn coordination, conversion, and airplane modes.

()] Conduct incremental conversion testing from 90 to 0 deg nacelie.

(%)) Conduct controlled flight in Airplane mode.

©) Reduce Nr from 100 to 80 % while in airplane mode and increase forward level flight speed from
135 to above 150 kts.

(7)*  Train student pilot to take over as new EP,

* Although this was not an original requirement, it became a necessity as the primary EP left during the
Phase I testing.

TECHNICAL CHALLENGES
LOSS OF AIRCRAFT #1

During the fual landing of flight test 6, on July v 1993, aircraft #1 underwent large pitch
oscillations resulting in the tail striking the ground and the aircraft coming to rest inverted. Fortunately
there were no injuries and the air vehicle remained fairly intact with the exception of the aircraft structure.
An investigation was conducted during a three week period following the accident. The primary black
boxes, and mechanical components including the transmission and engine were inspected. The post flight
inspection of the aircraft revealed that all components were functioning properly and that no mechanical
failure contributed to the accident. After bench testing and calibration of the major electronics, and
breakdown and inspection of the engine, many of the components with the exception of the drivetrain and
gearboxes were eventually used in aircraft #2. The accident investigation concluded that during the final
landing, the aircraft received a large pitch disturbance. The resulting aircraft pitch attitude response was
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large enotigh to demand more pitch control actuator throw than was available. With the actuators
ineffective the aircraft lost control and the pitch attitude increased until the crash. Based on the findings
of the investigation, several changes were incorporated in aircraft #2 before testing resumed. These
modifications were previously described above in the paragraph "Modification to second aircraft.”

The analysis of the accident was hampered by the fact that the there was no instrumented data
during the initial excitation. The primary instrumentation system had been turned on to record the landing
but too late to capture the initial small perturbations on the data tape. As a result, the primary data source
for the investigation was the video tape footage of the entire event. Had a backup data tape been recording
the entire flight, the data could have been used to determine the cause of the accident. Based on analysis
of the events leading up to the accident, one of the recommendations for further TRUS testing was to have
a back up recording of the entire flight from start yp to shutdown in case another incident occurred. An
analog tape unit was installed in the instrumentation van for the follow on testing with aircraft #2 and was
used on each subsequent ground and flight test. In addition to the continuous backup data tape, a video
record was made of the aircraft #2 flight testing when the TRUS was within one mile of the pad.

FLIGHT TESTING OF THE TRUS

The aircraft appeared to be easily controllable by the two external pilots. It is interesting to note
that both pilots had over ten years of radio control model experience. The first external pilot had both
private and helicopter licenses. The second external pilot was working on his helicopter rating, and was
previously a navigation officer on a P-3 in the navy. The pilots flew the aircraft externally, with no visual
cues with the exception of watching the vehicle in the air. The external and backup pilots wore headsets
where they were updated by the test team on applicable control positions and aircraft attitudes. The
communication network was two way, with the external pilot having the capability to request information
which might assist him in flying the vehicle. Safety of flight concerns such as engine chip indications and
structural load limits were relayed to the external pilot by the IP which was monitoring the health
indicators and mission related parameters from inside the GCS.

At speeds in excess of 30 kts, the external pilot established either a standard "race track” or
"figure 8" pattern. Tue pattern was established betw2en 400 to 600 ft AGL at pilot's discretion and was
designed to keep the aircraft within visual range. The pilots had a tendency to favor the figure 8 pattern
since it allowed for both right and left hand turns and kept the vehicle closer to the pad area on the
straight and level legs when control response testing was conducted. The patterns lengthened with
increasing airspeed. At speeds higher than 60 kts the aircraft strobe was turned on in order to maintain
visual track on the vehicle during the turns when the TRUS was farthest away. At the .naximum airspeed
tested of 160 kts, the pattern, centered about the launch and recovery area, and was approximately 4 miles
long and 1.5 miles wide.

When the aircraft was up and away, approximately 400 i AGL, 20-30 kts, it was difficult for the
EP to ascertain the precise spatial orientation of the vehicle. During the initial pattern work, the pilot was
unaware that the vehicle was in a 45 degree sideslip. In an attempt to give the pilot additional
information, the video signal from the onboard nose camera was patched out to the EP. The nose camera
provided a real time picture of the aircraft attitude and a sense of rate (a pseudo cockpit image).
Unfortunately, the nose camera video image was black and white and the glare on the monitor from the
sun effectively washed out the image making it of little value.

Classical flight tests requiring proprioceptic cues, such as maneuvering stability could not be
conducted since the EP was flyirg the TRUS from outside the aircraft. The EP had to rely solely on his
visual perception of changes in aircraft attitudes to sense motion. Certain flight conditions, such as
whether the aircraft was straight and level, were difficult for 'he EP to judge at altitudzs above 100 fi
without verbal updates from the flight test director or IP. Control response testing was an interesting
evolution since the EP was not a trained test pilot. The type and quality of the inputs were described and
rehearsed on the ground in the flight simulator prior to the phase II testing. Step and doublet inputs were
performed in all axis to establish controllability of the vehicle. Although a control fixture was not used,
the lightness and size of the controls allowed the EP to calibrate the magnitude of the desired input after
coaching over the headphones by the test director. The EP eventually calibrated the control sticks and
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after some practice, was able to command fairly consistent Control inputs throughout the remainder of the
test program. A plot of typical control response data is presented in figure 9.

During the phase III testing the primary external pilot had to be replaced by the backup or
student pilot. The transition was made over a two week period with portions of three flights dedicated to
pilot training totaling an hour of "stick time." Under the tutelage of the primary pilot, the student pilot
was capable of flying the air vehicle independently. After the original EP left, the new EP flew the last
three demonstration flights without any problem. Even though the student pilot had only fifteen hours of
TRUS simulator time before arriving to the test site, training the new external pilot to take over flight test
operations occurred quickly. The new EP commented that it was easy to leamn how to fly the TRUS air
vehicle since the system had seve.al levels of sophisticated augmentation. A photograph of the external
pilot flying the TRUS is presented in figure 10.

C-BAND ISSUE

For the TRUS demonstration, the contractor attempted to show compatibility with the Shorn
Range UAYV system by using a similar ground station subcontracted by IAI; the ground control station
developer for the Hunter Joint Tactical UAV, (formerly Short Range UAV), During the helicopter testing
at the Globe facility outside of Fort Worth, TX the quality and reliability of the C-band system was a
major concern. Precautionary landings were conducted during three flights after the loss of the primary
C-band datalink. 1Al had difficulty trouble shooting the probiem, citing initially that the airborne
equipment might be too cool. Several of the components were swapped out in an attempt to resolve the
problem to no avail. Afier several days of trouble shooting the system, Bell engineers determined the
problem may have been a result of the IA! equipment design. It was discovered that the downlink and
uplink signals were destructively interfering with each other. The fix involved removing an amplifier from
the downlink signal. This appeared to solve the problem.

For the YPG conversion and airplane mode testing, a nose mounted fixed forward payload
camera was installed not only to give the test engineers an indication of the attitude and rate of resporse
of the air vehicle, but also to assess the quality of the data link. Since the downlink was weaker than the
uplink as a result of removing the amplifier, a degradation of the signal quality of the nose *'ideo acted as
a warning that the up link signa! may also soon be effected. During the final flights conducted primarily
in airplane mode, the signal quality cf the downlink video became increasingly more intermittent using
the omni antenna. Although it is unclear whether antenna blanketing was a factor, the maximum range
flown away from the ground based GCS was around 3 miles. Use of the directional antenna improved the
signal quality, but required the full attention of the IP in order o maintain a track of the aircraft diverting
his attention from more immediate concerns such as monitoring aircraft warning indications. For future,
exterxled range tests of the TRUS vehicle using the C-band datalink, it is recommended that
improvements be made to the system and validated by the Government in order to ensure the safety of the
aircraft. Also, an investigation of the Short Range system should be conducted to see if improvements to
the production version have been made which were not incorporated in the TRUS GCS test system.

GPS ISSUE

The TRUS vehicle used a commercially available, CA-code, four channel GPS receiver as a
source for position data for use by the "“MU's. As a cost savings measure, Bell decided to use the existing
3.dimensional software already incorporated in the integrated flight management units (IFMU's), which
required four satellites in order to obtain a solution. During the first series of tests involving aircraft #1,
the IFMU's were reporting an invalid GPS signal even though the satellite prediction program indicated
that there were sufficient satellites available in order to obtain a solution. This situation persisted on and
off throughout the testing of aircraft #1. Later, while trouble shooting the system during the ground runs
with aircraft #2, the GPS system dropped out unexpectedly on several occasions. This led to an
investigation which indicated that the acceptable position dilution of precision (PDOP) values of the GPS
system (8) and the IFN7T"" (4) were different. A software change in the IFMU's to accept the higher PDOP
value improved the situation but did not definitively solve the problem. In order to continue on with the
flight test evolution it was decided to conduct a precautionary landing if the GPS signal was lost.
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During phase 11, the problem was intermittent with possible causes being attributed to satellite
signals being blocked by the aircraft hangar and other surrounding structures near the flight test area. The
GPS almanac was used during the helicopter test pl. .: to a greater extent in order to predict down times
when four satellites might not be available. The problem persisted throughout the Phase Il portion of *he
demonstration, resuiting in flight test delays and up to six cancellations. On two occasions there - as
evidence of possible interference by GPS constellation system testing which was occurring independent of
our cffort. A back up GPS system was used to verify the quality of the aircrat GPS signal received with
varying degrees of success.

While conducting the phase III portion of the TRUS demonstration program, GPS problems
intermittently continued. A spare GPS receiver was swapped out for the unit in the aircraft which
improved the GPS reliability. Bell believes that the GPS signal problems will be resolved if they change
the software requirement from 3 to 2 dimensional. The TRUS system has both barometric and radar
altitude sensors and doesn't use the altitude parameter given by the GPS receiver for navigation, so
incorporating a 2 dimensional data solution may resolve this issue.

RESULTS OF TESTING
A flight demonstration history is presented in figure 11.
PHASEI:

The phase I objectives were achieved slightly behind schedule but there were no su-prises. The
tail dynamic pressure was measured at two locations, at approximately eight feet AGL with respect to the
rotor height and with the aircraft tied down simulating the aircraft turning on the ¢ vund. A sensor
attached to a robotic arm sampled the airflow coming off the back of the tail with rotors at 100% rpm
from various heights both above and below the horizontal tail. The groundwash dynamic pressure
appeared within reasonable limits of what was estimated and the aircraft was allowed to proceed onto the
next phase of the demonstration.

PHASE II:

The phase II objectives were achieved during 8 flights totaling 2.0 flight hours. As a result of the
significant modifications to aircraft #2, both mechanically and to the software based on the aircraft #1
accident, the initial TRUS flight envelope had to be re-established. Since the saturation of the pitch
control actuator was the primary contributor to the accident, a significant portion of phase I testing was
dedicated to validating the new actuator control. Additional control response tests were conducted in all
channels starting from a hover and building up to translational flight to verify that there were no other
control saturation problems with the other actuators.

The flight control maneuvers were predictable and repeatable. The EP quickly adapted to the
flight controls and was able to perform vertical climbs and descents as well as lateral and longitudinal
translations as commanded, anticipating when to roll out at the desired condition. Hover turns on the spot
appeared to be easy to establish and maintain. Although some drifting did occur during hover turns, this
could be attributable to pilot technique instead the vehicle itself.

The aircraft was predictable in a hover with either normal or auto mode engaged requiring
minimal inputs from the EP to maintain the aircraft within +/- 1 fi in all directions over a designated spot.
Inputs to maintain position were of the order of one every two seconds. In winds of less than 5 kts the
vehicle required fewer inputs sometimes as few as one every five seconds. The Allison C-250 engine
mounted in the TRUS provided ample power for both IGE and OGE hovers on moderately hot days, in
outside air temperatures up t0 26.5 deg C.

By the time of the phase I exit criteria flight, after adjustments to the control system gains, the
control response was deadbeat in the lateral, longitudinal, and vertical channels. The TRUS system was
ultimately designed to fly without pilot intervention, therefore having a deadbeat control response after
applying a pilot input was desirable. A sample control response input plot from phase II is provided in
figure 9.




Afier the optimal control gains had been established, Normal Mode and Auto Hover testing went
rather smoothly. These enhanced modes made the aircraft easier to fly and may be of significait value in
the future if whis vehicle is to some day incorporate an auto landing system for shipboard operations. A
summary chart of the flight envelope at the end of phase I is presented below.

TRUS Flight Envelope after Phase I
Maximum altitude attained: 120 ft AGL
Maximum fwd speed: 20 kt
Maximum aft airspeed: 10kt
Maximum lateral speed: 10 kt

Vertical climbs and descents: +/- 500 fpm

Maximum wind speed flownin: 15kt

Directional turn rate: 35 deg/sec

Ground mode, normal mode, auto hover mode: verified, acceptable for flight operations.
Flight can be conducted without training gear.

PHASE III:

The phase II objectives were achieved over a six week period at the Yuma Proving Grounds
(YPG), AZ during eleven flights totaling 8.42 flight hours. The isolated desert range provided optimal
weather and location to conduct the conversion and airplane mode testing. During this time of year Yuma
has a pleasant climate, with clear skies and moderate temperatures, although wind was occasionally a
factor.

The test proceeded methodically, gradually converting the aircraft nacelles forward initially from
93 to 77 deg in three degree increments, then from 70 to 20 deg in ten deg increments, with final
conversion testing conducted at 15 and 0 deg nacelle angles. At each new condition, race track or figure
"8" patterns at the new conversion angle were conducted to assess controllability. Primary data records
were collected during straight and level, banked turns to the right and left, and forward flight climbs and
descents before proceeding on to the next conversion angle. Once the data from the previous flight had
been analyzed, the flight test proceeded by further increasing the conversion angle forward, ultimately to
the stops, or zero nacelle angle: airplane mode. Once the flight envelope was established for the zero deg
nacelle, airplane mode condition, the rotor rpm was beeped down from 100% to 80%. This was conducted
in an attempt to increase the rotor blade efficiency and reduce the acoustical noise signature. Once the
vehicle was stable at 135 kts, 80% rpm, the EP commanded forward stick to increase the level flight speed
in ten knot increments out to approximately +160 kts. Primary data records were collected during straight
and level, banked turns to the right and left, and forward flight climbs and descents at each airspeed
before proceeding on to the next data point. A summary chart of the flight envelope at the end of phase 111
is presented below.

Fli lope afier P I
Maximum altitude attained: 820 & AGL
Maximum fwd speed: +160 kt, at 80 % rpm (actual speed TBD)
Maximum aft airspeed: 10 kt
Maximum lateral speed: 10 kt

Vertical climbs and descents: +/- 500 fpm
Maximum wind speed flown in: 15kt

Directional turn rate: 35 deg/sec

Nacelle range: 93 to 0 deg

Maximum angle of bank: +/- 50 deg

Turn coordination, airspeed mode, conversion mode, and airplane mode: verified, acceptable for
flight operations.
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ENHANCING CHARACTERISTICS
THE TILT ROTOR TECHNOLOGY

The TRUS program successfully demonstrated that tilt rotor technology is a viable design
concept for a future production UAV. A TRUS like vehicle has the ability to takeoff and land from a
confined area. In preparation for proof of this requirement, a 24 fi circle representing the landing circle on
board small combatants was painted on the YPG tarmac at site 8A where takeoffs and landings were
conducted. For takeoffs, the aircraft was prepostioned in the center of the circle prior to startup and
ascended vertically to an aititude of approximately two hundred feet before preparing to transition to
forward flight. The external pilot could consistently, manually land the aircrafi into the target circle at
varying wind conditions with minimal effort required. The advantage of staging a UAV out of a smal)
confined area is not unique to the shipboard environment. In the ground combat environment, the vehicle
may not require a launch and recovery area much bigger than a 30 fi circle of improved surface and could
casily stage out of either parking lots or small roads. A TRUS type vehicle does not require the use of a
rocket assisted take off (RATO) system as many other UAV's in its class do, there by reducing the ground
handling procedures, as well as the thermal image signature a RATO launch presents 1o possitle hostile
forces during the takeoff sequence.

The tilt rotor technology takes two advantages; launch and recovery from a confined area, and
dash speed of a fixed wing type aircraft and combines them into one vehicle. The TRUS has a proven
forward flight airspeed of +160 kts and may be capable of level flight speeds in excess of 190 kts. This
type of speed advantage allows a tilt rotor UAV to get to the mission area quickly and spend more time on
station doing its job, which is currently envisioned to be intelligence gathering or laser designating. Also,
the faster flight speed of the tilt rotor could decrease the UAV's susceptibility to being shot down by small
arms ground fire when compared to slower moving, purely helicopter vehicles. The tilt rotor technology is
a viable concept for both a ship based and forward deployed UA Vs and should be incorporated into future
force structure plans.

AIRCRAFT CONTROLLABILITY

The heart of the TRUS demonstrator was a highly augmented flight control system which
simplified the task of flying the aircraft for the external pilot. The quality of this augmentation system
appears to have been optimized over a broad range of flight conditions. Modifying the flight control
system handling qualities was accomplished primarily by incrementally fine tuning the gains in each
distinct channel. By the end of the flight program, the TRUS vehicle flight control system appeared to
operating "right where it should be," and a possible production vehicle of this type would most likely
resemble the handling qualities of the vehicle tested fo- this weight class. The relative ease of flying the
TRUS vehicie was demonstrated when the backup pilot was able to take over the full responsibilities and
control of the TRUS test vehicle after only three flights and just over an hour of hands on flying of the
demonstrator vehicle. The most challenging aspect for the student pilot to master was the sensitivity of the
control sticks on the FCB. The flight control gains had been "tuned” to the first pilot's flying style, and the
second pilot tended to be slightly more aggressive on the controls. The new EP compensated for the
sensitivity by making the control sticks on the FCB longer and by adjusting his flying style to be more in
line with the inherited control system. As previously stated, the new EP was able to master the flight
controls within three flights and flew the first flight conversion to airplane mode with relative ease. The
degree of stability and augmentation incorporated into the TRUS flight control system should make it
relatively easy to incorporate an auto launch and recovery system. such as the common automatic
recovery system (CARS) which is one of the proposed candidates for UAV shipboard operations.

PERFORMANCE

When compared to other UAV power plants currently in use or being developed, the choice of the
Allison 250-C20B gas turbine appears to have been a smart decision. The engine flown in the first vehicle
which crashed on flight six was inspected, put back together and later replaced in aircraft #2 and used for
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the duration of the flight test program. The Allison 250 is a proven engine with years of maintenance
documentation, and has been flown in several types of helicopters both civilian and military for literally
millions of hours. With the exception of the two precautionary landings conducted after engine chip
detection, the engine was reliable and appeared to require little if any maintenance. Lab analysis of the
first engine chip determined the material was machine grade iron used during the manufacturing process
and was not part of the engine itself. The second engine chip detected turned out to be a hair like piece of
metal which just barely made the electrical connection which set off the detector. If a fuzz burner was
incorporated into a production version of a TRUS like vehicle, this problem would most likely be
eliminated. In both chip detection cases, ground runs were conducted after which no additional
contaminants were found, and the test program resumed without any further incidence.

Using a production helicopter engine in a UAV has another distinct advantage; the engine burns
a wide range of fuels. One of the current concerns with other UAV powerplants is the burning of fuels
other than what is readily available in either a shipboard or typical combat fuel farm environment. The
Allison 250 engine can burn JP-5 which is readily available on most ships or JP-8 which is a standard
army fuel available in the field. The engine can also burn other fuels available on an emergency basis if
the need arises. Using the engine currently incorporated in the TRUS reduces the logistics and ground
handling safety issues involved with non typical military fuels thereby increasing safe operations in a
mission type environment and ensuring that the fuel is available out of multiple staging areas that
typically support aircraft flight operations.

The engine/airframe matching for the TRUS demonstrator appears to be favorable. At no time
during the testing did the aircraft appear to be power limited. Climbs and descents were easy to initiate
and maintain. Since determining the maximum climb rate of the TRUS demonstrator was beyond the
scope of the test, this parameter has yet to be determined. Although climbs rates of up to 500 fps appeared
to be effortless for the engine. Use of the Allison C-250-C20B in the TRUS air vehicle was an enhancing
characteristic and the approach of incorporating a proven multi-fuel engine should be investigated for a
production maritime UAV,

PRIMARY SYSTEM REDUNDANCY

The dual redundancy of the TRUS vehicle primary control systems was an enhancing
characteristic. During the Phase 1! testing there were three instances where the primary, C-band data link
failed and reverted to the backup UHF data link. Had the UHF data link not been availabie, the aircraft
would have entered loss of link mode and the Futaba secondary backup would have been attempted.
During flight 11, the channel A air data computer (ADC) failed while the aircraft was in a 70 fi AGL
hover, the IP switched from dual ADCs to selecting the good; channel B ADC. The EP then conducted an
uneventful landing. Had the dual channel ADC not been available, the aircrat would have most likely
crashed. The pilet control box (PCB) was triple redundant so in case something happened to the primary
pilot or primary PCB, the student EP or backup PCB could be used to land the aircrafi. In a worse case
scenario, if the primary and backup PCB's both failed, the IP could then take control of the vehicle and
land the aircraft from within the GCS. The dual redundancy of the control surface and rotor system
actuators allowed each system to share the control load thereby reducing the chances of exceeding the
control authority of one actuator. Also if one actuator failed, the control systems were designed such that
the remaining good actuator could handle the predicted loads. Having at least dual redundancy on the
TRUS vehicle primary systems significantly reduced the risk to the aircraft and saved the vehicle from
being damaged on at least four separate occasions. The dual redundancy of the flight control actuators and
primary systems is an enhancing characteristic and should be incorporated in all future designs of
production type UAV's.

STABILITY OF PLATFORM

An airborne black and white camera was mounted under the nose of the aircraft to provide
additional visual data to the test tcam. The real time video signal from the non slewable camera was
transmitted on the downlink where it was then split off from the GCS to several monitors at the test site.
Flight # 9, which was the first time the nose camera was used in flight, presented a slightly shaky image
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when the aircraft was airborne. After flight #9, the vertical azimuth of the camera was adjusted slightly up
and the mouning hardware was tightened. From flights ten through nineteen the image was stable and
with the exception of ground run up, provided an acceptable picture. The nose video camera provided
additional evidence that the TRUS air vehicle was stable in all regimes of flight conducted. Flight test
engineers could ecasily determine the attitude and relative rates of the aircraft by observing the payload
camera. There were at least two incidences wheve the nose camera image gave indications of flight
disturbances which were not initially apparent on the strip chart recorders. The terrain features were
casily discernible on the video, and the stable image assisted the IP in determining precisely where the
vehicle was over the range. A mission payload flown aboard a TRUS type aircraft would not require gyro
stabilization which would reduce the weight and the complexity of the airborne package.

MODULAR DESIGN OF THE NOSE SECTION

The nose section of the TRUS aircraft housed a majority of the electronic systems. During flight,
tire nose section was held in place by several hinged fasteners. After a flight or while performing
maintenance, the nose section could be opened up in less than a minute and provided easy access to most
of the electrical boxes onboard the aircraft, thereby making trouble shooting and system checks a
relatively simple task. For an operational vehicle, the TRUS nose modular design approach would allow
for the concept of several different interchangeable payloads which could be fitted to the aircraft
depending on the mission requirements. The modular design would also allow a maintenance team to
quickly swap out a malfunctioning unit in a minimal amount of time. The TRUS detachable nose concept
i - an enhancing characteristic which should be incorporated in future production UAV systems. A
photograph of the TRUS modular nose design is presented in figure 12.

LESSONS LEARNED
THIS IS A DEMONSTRATOR VEHICLE

Although the TRUS flight demonstration was a successful program, the vehicles tested were not
intended to be used in an operational environment. In order to meet the deadlines and the program cost
constraints the two demonstrator vehicles were "quick builds." Althouga the vehicles were structurally
sound, and designed to be flown for almost one hundred hours each, there was no attempt to weatherproof
the TRUS or incorporate features which would allow the aircraft to be deployed in a maritime
environment for more than a month. This is not to say that the design itself could not be adapted to
produce an all weather, operational vehicle. The information obtained during the construction and testing
of the TRUS demonstrator vehicles will be useful in designing a production version of what was
evaluated. With soine primary modifications, the vehicle tested could be turned into a viable fleet asset. A
production vehicle would most likely use autoclave cured composites instead of room temperature lay-ups
to make the structure more resilient for the mission environment. Significant weight savings could be
attained by using specifically designed cast gearboxes and mechanical components, as well as optimizing
the primary electrical systems for use in a TRUS type UAV. With these type of improvements, the
performance of a follow-on pre-production prototype vehicle would be similar and probably better than the
demonstrator air vehicles built for this program.

THE GCS

The TRUS air vehicle system tested appeared to be portable and have incorporated the latest
developments in technology with the exception of the GCS. The ground contro} station used for the
demonstration, although a prototype version, closely resembles in size and operability characteristics of
the production Hunter Joint Tactical UAV GCS system. The GCS had to be transported to and from the
test sites on a flat bed truck. The GCS required a significant amount of cooling in order to function
correctly. The GCS internal cooling had te be modified prior to testing in order to ensure that the system
would function correctly during the full range of environmental conditions anticipated.
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The GCS container, the approximate size of a standard van, would be difficult to install on small
combatants, and would take up a significant amount of hangar space if installed onboard ship. Also from
an operational standpoint, placing the GCS inside a small combatant hangar which is one of the few
places it could be installed, does not position the IP where he or she is of most benefit during mission
operations, in the Combat Information Center (CIC).

During ground based operations, the current GCS represents the largest and heaviest part of the
TRUS system. Although relocating the air vehicle to a new location could be achieved rather simply by
flying the aircraft to the site, the GCS would be logistically more difficult to transition to a new
operational area. In a modern battlefield environment, having to relccate a GCS the size of the one used
during this demonstration would limit the effectiveness of the air vehicle to perform its mission. The GCS
size and level of technology prohibit it from being easiiy incorporated on a small combatant and a better
solution to this design problem is warranted. With the current clectronic trend in laptop and
microcomputers of increasing capability while at the same time decreasing in size, power requirements, it
seems that there may now be a better, more portable alternative to the current GCS used for this
demonstration. A photograph of the outside of the GCS is presented in figure 13.

THE GOVERNMENT/CONTRACTOR TEAM APPROACH

Although the concept of a joint government/contractor test team approach is not new, it certainly
was an effective way of executing a flight demonstration program like TRUS. In the past, I have seen
programs where it appeared that the Government and contractor teams lost sight of the fact that in the end
they both desired the same thing, a safe and successful flight test program. Soon after the TRUS contract
was awarded, both Bell and the Government realized establishing adversarial relationship was in neither
parties interest. For two years the Government and the contractor, Bell Helicopter Textron have worked
together in order to optimize the test program as well as reduce risks and cost. The process resulting in the
successful TRUS flight demonstration ended up closely resembling a TQL. process; where experienced
people were brought in to solve problems and the team was disbanded when the program was finished. A
TRUS development advisory group (TDAG) was established where key members from the Government
and Bell test teams came together and discussed risk reduction, facility support requirements, flight test
profiles, data reduction and analysis requirements. Although an evolving process throughout the effort,
the TDAG met at least once a quarter prior to the demonstration to discuss program progress as well as
resolve issues and concerns.

Later on, personnel from the Yuma Proving Grounds joined the TDAG in order to continue the
process begun by the Navy and Bell. Ultimately, the constructive dialog established during this process led
to a favorable working relationship between both parties, resulting in the accomplishment of the
demonstration objectives at the lowest possible cost to the Government. The team approach enhanced data
~rthering and promoted informal dialog with the contractor where daily progress and delays were laid
right on the table. The TRUS test program demonstrated it is in the Government's best interest to conduct
projects of this type using a team concept as long as both sides maintain a fair and equal partnership.

THE FUTURE
ENVELOPE EXPANSION

Although the final objectives of the program were accomplished, and the utility of the tilt rotor
concept for UAV was proven, the full potential of the vehicle has yet to be realized. The initial flight
demonstration proposal included additional helicopter work, full development of the forward flight
envelope and altitude performance testing up to ten thousand feet. Unfortunately these objectives were
climinated from the program due to time constraints and cost overruns. The full capabilities of the TRUS
air vehicle should be investigated. Now that the aircraft has flown and the baseline handling qualities
have been defined, future funding can be more specifically focused towards flight testing and envelope
expansion. Since no real endpoints were reached during this program, the TRUS vehicle may be more
capable than the current flight envelope has demonstrated.
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VLAR

Bell Helicopter has submitted a proposal for the vertical launch and recovery program (VLAR) to
be awarded in March or April of 1994. If Bell wins a contract for this program, this would be an
opportunity for additional work to be dedicated towards investigation and expansion of the current TRUS
flight envelope.

SHIPBOARD TESTING

To date, aircraft # 2 has only used ten to twenty percent of its designed airframe life span. After
some additional follow on flight testing conducted in helicopter mode; primarily simulating launch and
recovery approaches to a small combatant, the demonstrator vehicle could be tested aboard a small deck
ship as part of a follow on feasibility study. This shipboard information would be valuable for further
defining the requirements for a production type vehicle.

SUMMARY

The TRUS flight demonstration was a unique opportunity to evaluate a vehicle which
incorporated both helicopter and turboprop design concepts. Since the operator or external pilot was not
inside the vehicle, certain test techniques were viable while others had to be modified or eliminated. In the
past, development of vertical launch and recovery unmanned air vehicles has been hampered by the lack
of sophisticated flight contro! systems, or the trade off of dash and range capability by using a pure
helicopter aircraft. The TRUS demonstration indicates these former technical challenges may have now
been overcome. The tilt rotor technology takes two advantages; launch and recovery from a confined area,
and the dash speed of a fixed wing type aircraft and combines them into one vehicle. The degree of
stability and augmentation incorporated into the TRUS flight control system should make it relatively easy
to incorporate an auto launch and recovery system, such as the common automatic recovery system
(CARS). The TRUS has a proven forward flight airspeed of +160 kts and may be capable of le-1 flight
speeds in excess of 190 kts. The proven stability of the air vehicle means that a mission payload flown
aboard a TRUS type aircraft would not require gyro stabilization which would reduce the weight and the
complexity of the airborne package. With the Department of Defense facing decreasing budgets and the
task of reducing the number of manned aircraft, TRUS type UAV's may provide a cost effective
alternative,” At eight hundred feet, and 2 miles from the launch the area, the TRUS vehicle could barely
be seen without the use of the onboard strobe. At an operational altitude of two thousand feet or higher, a
TRUS aircraft would be a difficult target to track by radar, thermally or acoustically. If an UAV crashes
behind enemy lines, the primary result is the loss of the asset, there is no concern over repatriotization.
You don't have to worry about sending in a SAR team to extract the UAV.




THE ALPHABET SOUP (LIST OF ACRONYMS)

CIC

UAV

sbove ground level

air data computer

air data transmitter

air data unit

commercially available-code, as related to GPS
combat information center

digital central processor assembly
degrees

electromagnetic interferance
external pilot

flight control box

flight control computer

flight control system

flight termination system

ground control station

ground data terminal

ground positioning system

Israel aircrafl industries
integrated flight management unit
in ground effect

internal pilot

integrated test team

out of ground effect

kilometer(s)

knot(s)

rotor speed

position dilution of precision
rocket assist tak.off

revolutions per minute

search air rescue

TRUS development advisory group
total quality leadership

tilt rotor UAV system

unmanned air vehicle or unattended air vehicle

ultra high frequency
Yuma Proving Grounds




Figure 1
TRUS AIRCRAFT FLYING IN HELICOPTER MODE

Figure 2
TRUS ATIRCRAFT FLYING AT 15 DEGREES NACELLE ANGLE




Figure 3
THREE VIEW DRAWING OF THE TRUS AIRCRAFT

Figure 4
ISOMETRIC VIEW OF THE TRUS AIR VEHICLE
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Figure 5
FHOTOGRAPH OF THE INSIDE OF THE GROUND CONTROL STATION (GCS)
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Figure 6
SCHEMATIC OF THE TRUS CONTROL SYSTEM
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CONTROL LONGITUDINAL LATERAL VERTICAL DIRECTIONAL NACELLE
MODE STICK STICK STICK STICK BEEP SWITCH
GROUND MODE | MTCH ATTITUDE ROLL ATTITUDE | THRUST YAW RATE CONVERSION
COMMAND COMMAND COMMAND |[COMMAND 80°- 93° LiMIT
AUTO HOVER LONGITUDINAL LATERAL - VERTICAL YAW RATE CONVERSION
MODE INERTIAL INERTIAL INERTIAL COMMAND 80°- 93° LUIMIT
VELOCITY VELOCITY VELOQITY (FUSELAGE DECK
COMMAND. COMMAND. COMMAND ANGLE TRIM)
120 KN LIMIT 220 XN LINTY
INITIALLY. INITIALLY.
HELICOPTER {<40 KN) PITCH {ROLL ATTITUDE |VERTICAL (<40 KN) CONVERSION
NORMAL MODE |ATTITUDE COMMAND INERTIAL YAW RATE 80° -93° LiMIT
COMMAND WITH TURN VELOCUITY COMMAND
COORDINATION |COMMAND
{>40 KN) ABOVE 40 KN (>40 KN)
AIRSPEED ACCEL. DISABLED
CONVERSION ARSPEED BIAS ROLL ATTITUDE | VERTICAL STICK DISABLED [CONVERSION
(>80 KN, <155 | £20 KN FROM COMMAND INERTIAL ABOVE &40 KN. | THROUGH FULL
KN) CENTER OF WITH TURN VELOCITY FUNCTION RANGE (0° -80")
CORRIDOR COORDINATION (COMMAND |COMBINED INTO
LATERAL STICK.
AIRPLANE MODE | AMSPEED ACCEL/ (ROLL ATTITUDE |VERTICAL STICK DISABLED |AFT ONLY
{(>115 KN) DECEL COMMAND | COMMAND INERTIAL FUNCTION
WITH TURN VELOCITY COMBINED INTO
COORDINATION |COMMAND LATERAL STICK
Figure 8

A MATRIX OF THE FLIGHT CONTROL BOX FUNCTIONS
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Figure 10
PHEOTOGRAPH OF THE EXTERNAL PILOT FLYING THE TRUS




AYOLSTH LHOI'TA NOLLVILSNONIAA SNAL

11 andig
PULM OI1 60U PRIIA03I puw parpune AJ[eoidA) yeiony 4 90N
"PoR|aRI00 9406 PO RN
‘wullis 540 )0 PO J3A0Y
0} 0) 3np Surpus) b..su_-ssoc ome u) wB1y nyssacons il 4 8 0'101/2°2$91 2A0qs 308 ANN/L-T ZE0€ 901 | ozaoN | @8
T
o} payeunusn iy ‘podeduo (zw Yeonm) w0 2 208 Bujupen
JOA0Y OIN® USYM POQUILD YRIOMTY ) INOLPLM PAORPUCS WBIY 114 Ll MO}aq 993 010/T09L1 | MN-N/6S £€'0€ €9 | ozaoN | vs
TiBioy oy} 1OV
Porduico paed s ¥ € 'L ‘01 18 suoteisuen IO| 61 1'101/6 091 A0qe 398 N/T LT0E 181 | LiAoN | €L
"™8s $40 10 TR [9n) 1OV
0] 01 np Fuspus) Aseuohneosg ¥ € 01 OF WO 19ppe| PAOH ol Mo[q 298 1101719521 AS-S/L 01°0¢ 601 ] LIAN | v
‘B S40 TREY (94M) TOV
0] 0 2vp Burpuw] Assuorinesald ¥ € 0107 oy opps) JoacH L 1'§01/0°0£L) TI01/P¥SL) MN-N/E-T 60°0€ zot | otaoN | o
| wrep Areuad pueq-O) Jo "SpOul! [FULIOU UF UoIRIRdXd
290] 0) anp Supue) Aswuonnesald adojaaua dooija; penuro) o1 1'101/€'1691 1'101/p'¥sLL 4$-A-T 01°0¢ 601 | t1aoN | ¢
0P 9408 PO WRIL] AW [91) "apouil [PULIOU U] SUIpUV] 1SR
mof 0} anp Sutpue] Arsuonnesasd "SpOtls ¥uLIou Ul 13404 DO 1A T101/1'¥991 3A0qE 298 N9t 62°0€ sTt | 620N | a»
¥a| vwp Amunid pueq-) Jo "spotu
90} 01 Inp Surp) Kruonnvoald yeutson uy syndus jonuoo widiid 6 mopaq 308 €101/069L1 | ININE 1€0¢ S0L ] 62N | vy
“pnt vwp Amunad pwg-D) Jo
900{ 03 anp Suspus] Amuotneoeld “apouis feukions tn wgdly) 1314 L TI0L9PILY 101/ TSLY q48/9-% 170 'L 8 AON £
"Je 018+ LOW OV op
popnpaoo Supusy Lreuonnexaig "WOIEJLIIA WL jonMod WBiL4 £ €101/L'sPL] €101/ T9L1 MS-AL-S 1L'62 99 | ¥AoN 4
POPNPUCS JWUOCASIS
fonuod urpmyBuoy
‘Powduoo pwo wlnd | 7 ] ‘74 Ywooae jo wylliyy g $'¥T €101/5°0L91 £10Ip'ssLl AS-V/$-T €108 oLl | gaoN 1
[OUR) WO PoNERI> [ YRINTY "suouRsnbos 11y 3o q 06
“poraydisco paeo x4 SLRILID JOAOY RRURIBACD BN 81 poyse 0'101/1°E¥91 SIS1°S L6627 Lig [ ot 9
PoAcWRI wmel]
‘powdusco pso K@i “Wapus] pUS LoaX®) 201RIg ol OTOTLLIT | 600U/EEELl S8y 00€ ver | oIm | ¢
W GRp oudhry ~iaipoe] UR aYOTAR SR | ¢F 0101/6£0L1 | 0101/£92L1 S/01-§ 1667 9z | oimf | ¥
[ oapon) TAnp SMRD0OSRE YTV oKD 900D PO zr 0101/€92L1 | OT101/99%L1 S/O1-L €0t gEC | YIS 3
“Sored [OaRio0 L) WPV Uommdig odopavd | 18 0101/5¥¥91 | _0101/5 9L51 MS-S/S 66T seC_| vimf | ¢
—SRBpuUS] pUR SJONY) XIS €661
d.l_pls.i.l__!cc ° # oo Jo wBiy uag 691 0'101/5°9L91 1'10V/6°0EL1 S/9 00 €€ | ‘o1 1
[CT)
(samupu) DIMD (W) ) GRw) ©J
WOPPRRNLID |, 303 SuoY spssunppdwesoy Jofsy el Wi pui DM P oSPUIAL | 2opomoaeg | VO | mwa | #d
¢4 +6/01/£0




AYOLSTH LHOI'Td NOLLVYLSNOWAA SNIL

(ponunuo)) 11 undig

PULM ORI 990U PAIIACO PUsE patpouniey Ajeowdd) ey o

ON

Powyckiios po VOTRIUOWSP WL S1TUL v T101/1 8791 T101/9°5LL1 MS-S/E1 £6L 0t | si®d | 6l
JOV Y 078 -Spmiye XSy
ey 091 :peadane xvy
%08
Powidaco pae ndil 0194001 Wog Youq podog ZN sL T 101/1°2881 1'101/5°6LL1 AN/B-§ 6¢°67 7T | rieed | 81
>{Bu Povll 9a535p QT POt
‘powrhuco paeo miiLd auwdie 0) UOIRIAUO |j1y R 14 1'101/0°7991 1I01/S°6LL1 AN-N/E-1 6l ool | 6%d4 | 41
8% 40 J° np
90§ 03 onp Suspuw) Assuonneoasd AAB JORU0O0 [RLN PHJLOA ¥l 1'101/792L1 1'101/29LLL SIE-T #E°6L it | r@d | 91
Tumu g7) Fowren 10pd wispms
PoRdu0o 9456 Pavo WSt WO PUR LS €6
UOREOE PN mo'] W0 UOIKIIAUCO HRIUN £L TI01/10LST 1101/1°¢LLLl N/8-9 oL'6Z €€l 194 | 1
OV ¥ 00 :9pnKi[e Xe|y
P QUL :paodane xepy
WPRG PUv Z€ 0 €6
‘wpwoy rmionns MBI WY UOIIIALOD AHJXRN
0} onp Smpusy Ansuonnesatg 2fjowu ,0g T sindut joswo0) LT 1 101/7 2691 1101/69LLY MN/EL-6 81°67 zel | stwr | avi
05 01 ,£6
WL UOIRIIAUGO FHIO¥N
| w1 dnp surdugy ‘POt DOIERAU0O B Wi Bty £ 1101/6'$0L1 1101/9'€LLT ANET SU6T €8 | szus | vl
3 PoBNpuOo Suien WK Wopms {2 T101/8T651 1.01/60091 | MN-N/OI-9 167 Lot ( 9w | gfl
¥0eq PR .09 0} ,06
WOLJ UOISIIATU0D [N
eults 540 Jo “our Ay 30
#0{ 0} 30p Buspure; AEUONRERL] B popusas a8 Burpuwy 43 1'101/£°0191 1101/°€9¢L 1 197eA/ZT-1 8¥'67 i | orwe | Vel
“SIONEHMJIpOW
VOREEPIOOD TINY PIWN[EAT
-3{8us ofj20eL .58 01 ,06
10 UOrSIM00 WBIAN 1A
Poppdwoo pao Wi "spout poadazye wy willif) 1R g 19 T I01/€'99s1 1I01/CTsLL MN/E-T 0§62 zLr | zzwer | @zl
T 840 0
w04 0) otyp Amptawy AJUONNEI0L] POXY (IAV POYIOA ol 1'108/2°10L1 FI01/ELpL] 1aeA/E] 6€'62 | awwr | v
[ "Ik Syep AV okp JO AANTE 00N 3 T101/8LTL] . VI0I/SShLl | MN-NAEE SV6T €8l | 1o | 11
TOV U 0S¢ -5pmnfe X3
"Ansogee toud ook pewor] T 9€ Poodais pRMI0; XS 4] ioizeost | 1IowTIsLl | MN-NOLS | 6r6L 681 | viw | Ol
ORI PO K PO JIACY OIS POJLDA ol T101/5°€651 F101/5°6£91 MN/O1D £6°67 01z | e1vr | €6
~IRED 9900 9NN O} WTH) BRI
Popnpuoo Jpom unped, 14 661
WNQOIS 240K ORI JOOUS HQNOL] "OdA W pUPRpUo) WY WAy [ 1°161/5°6€91 TIOI/0PSLT | MN-NYO 95°67 ¥yl | ciwr | ve
(sapmepm) DINMD (we) @ Grw 0J
WOPSEREIY | Jog TRy spmenppdwory sefuy ot 1. | SVMOMIE] | omm | smomeseg | LVO | wa | #Wd
14 ¥6/01/€0




w0y

&

03/07/94

Figrre 12
A PHOTOGRAPH OF THE TRUS MODULAR NOSE DESIGN




13

Fi

A PHOTOGRAPH OF THE OUTSIDE OF THE GCS




